There are limited indicators available to predict cerebral vasospasm in patients with subarachnoid hemorrhage (SAH). The purpose of this study was to determine if CT perfusion-derived hemodynamic parameters are predictors of vasospasm severity and outcome after experimental SAH.
D
elayed ischemia is the most significant risk factor contributing to death and disability in patients who initially survive subarachnoid hemorrhage (SAH). 1 Repeat hemorrhage can also lead to poor outcomes after SAH; however, early aneurysm repair by surgical clipping or endovascular coiling has significantly reduced the incidence of rebleeding in patients with aneurysm. 2, 3 Unfortunately, even for patients who undergo early aneurysm repair, the risk of morbidity and mortality due to vasospasm-related ischemia remains high. [3] [4] [5] Effective therapeutic intervention for vasospasm depends on timely identification. 6 Commonly used methods of screening patients suspected of having vasospasm include transcranial Doppler and CT angiography (CTA). Both of these methods can be used successfully for diagnosing patients with vasospasm; however, both may be limited for technical reasons. Narrowing in small distal vessels cannot be detected with transcranial Doppler due to its limited spatial resolution and low sensitivity, so examinations of the microcirculation are limited. 7 In addition, a proper acoustic window for insonating patients is lacking in approximately 20% of patients. 8 CTA can be limited for evaluation of vessels near to a treated aneurysm because of streak artifacts from the surgical clip or coil pack. 9 Recently, there has been interest in using CT perfusion imaging for assessment of patients with vasospasm. 10 A number of different hemodynamic parameters are available using CT perfusion imaging. One such parameter, mean transit time (MTT), is a measure of the mean time for blood to perfuse a region of tissue. MTT is related to cerebral blood flow (CBF) and cerebral blood volume (CBV) by the central volume principle: MTT ϭ CBV / CBF. 11 Thus, MTT is highly sensitive to hemodynamic disturbances involving changes in both CBV and CBF.
CT perfusion imaging is a rapid and relatively inexpensive imaging technique that has the ability to identify hemodynamic disturbances associated with vasospasm. 6, 12, 13 In a recent clinical investigation, MTT was identified as the most sensitive perfusion parameter for the detection of SAH-related vasospasm. 10 These results, however, rely on a single measurement made between 6 and 9 days after SAH. To our knowledge, the temporal relationship between MTT and vasospasm has yet to be studied throughout the course of delayed vasospasm after SAH. This lack of information is, in part, due to the difficulty of performing serial CT perfusion measurements in a patient population in the weeks following SAH, when delayed vasospasm is likely to occur.
The diagnostic potential of CT perfusion imaging in patients with vasospasm has been demonstrated and is thus a realistic clinical goal; however, less is known about its ability to predict vasospasm onset or patient outcomes. The possibility of predicting an individual patient's risk for bad outcome or symptomatic vasospasm is an attractive clinical goal. The ability to predict outcomes such as death, neurologic injury, or onset of symptomatic vasospasm after SAH could lead to early interventions resulting in improved patient care and patient outcomes.
The purpose of our study was to determine the temporal relationship between hemodynamic parameters, arterial diameter, and neurologic score in a rabbit model of SAH-induced vasospasm. We investigated CT perfusion-derived measurements of MTT, CBF, and CBV as predictors and correlates of delayed vasospasm severity and outcome after experimental SAH. We hypothesized that increased MTT and decreased CBF are predictors for delayed arterial narrowing and neurologic deficits subsequent to SAH.
Materials and Methods

Induction of Subarachnoid Hemorrhage
Ethics approval was obtained from the local animal use subcommittee of the Canadian Council of Animal Care; all procedures followed their guidelines. Male New Zealand white rabbits (2.5-3.5 kg) were randomized to either SAH (n ϭ 25) or a sham procedure (n ϭ 8). They were anesthetized with 3%-5% isoflurane. Intravenous ketamine (3 mg/kg) and diazepam (valium) (0.3 mg/kg) were given to maintain anesthesia during intubation. Throughout the remainder of the procedure, animals were mechanically ventilated (2% isoflurane), and vecuronium bromide (0.15 mg/kg) was used when required to suppress spontaneous respiration. End-tidal partial pressure of carbon dioxide (pCO 2 ), mean arterial pressure (MAP), arterial pCO 2 , arterial partial pressure of oxygen, arterial blood pH, and temperature were maintained within normal ranges.
Animals were placed in a positioning device in the prone position with their head secured at a downward angle of 30°to facilitate the formation of a blood clot around the basilar artery. We withdrew 1.5 mL of CSF, and 1.5 mL/kg of blood from the central ear artery was injected back into the cisterna magna (3-5 minutes).
For the sham procedure, 1.5 mL/kg of artificial CSF was injected into the cistern magna rather than autologous blood. The composition of the artificial CSF was as follows: 125.5-mmol/L sodium chloride, 3.1-mmol/L potassium chloride, 1.2-mmol/L calcium chloride, 1.0-mmol/L magnesium chloride, 24.5-mmol/L bicarbonate of soda, and 0.5-mmol/L sodium dihydrogen phosphate.
CT Imaging
All imaging was performed on a LightSpeed Plus (GE Healthcare, Milwaukee, Wis) 4-section CT scanner. A nonenhanced scout image and axial images were used to verify head position and section locations before CTA and CT perfusion scanning. A nonionic iodinated contrast agent (300 mg/mL, iohexol; Omnipaque, Nycomed, Princeton, NJ) was used for both CTA and CT perfusion imaging.
On day 0, baseline CT perfusion and CTA scanning were completed before SAH induction. After SAH, CTA was performed at 10, 30, and 60 minutes; 1 CT perfusion scan was obtained 45 minutes after SAH induction. CT perfusion and CTA scans were obtained on days 2, 4, 7, 9, and 16 after SAH.
CT Angiography
Two consecutive helical scans were obtained. The first section was inferior to the vertebrobasilar junction, and the last section was superior to the terminal bifurcation of the basilar artery into the posterior cerebral arteries. After 1 set of nonenhanced images was collected, contrast was injected (5 mL at 0.5 mL/s), and a set of enhanced images was acquired at the same section locations. Image acquisition parameters were the following: 120 kVp and 60 mA; 512 ϫ 512 image matrix; 120-mm FOV; and 1.5 pitch. The section thickness was 2.5 mm, with a 2-mm overlap between successive sections.
CT Perfusion
A block of tissue, 20 mm thick, that consisted of four 5-mm sections was selected. Contrast was injected into the saphenous vein at the beginning of the scanning (1.5 mL/kg at 1 mL/s). Ninety-nine images were collected at each of the 4 section locations while the couch remained stationary. Scanning took 25.5 seconds to complete. The images were acquired at 0.5-second intervals and 120 kVp and 60 mA, 512 ϫ 512 image matrix, 120-mm FOV, and 1 second per rotation.
Neurologic Assessments
One individual, blinded to the study design, completed all neurologic assessments. The first assessment (day 0) was performed 6 -24 hours after anesthesia. Additional neurologic testing was completed on each follow-up day of scanning. Posture, gait, and righting reflexes were each given a score: 0, normal; 1, mild; 2, moderate; and 3, severely impaired. Front and back reflexes were also scored: 0, normal; 1, brisk; 2, spreading; and 3, clonus. The sum of the individual observations provided the overall neurologic score.
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Histology
To confirm the presence and location of neuronal damage after SAH, we performed perfusion-fixation of the brain at 24 hours and 16 days after SAH or following the sham procedure in 3 individual rabbits. Briefly, 300-mL buffer solution (pH 7.4) was perfused through the left ventricle followed by 300 mL of 4% paraformaldehyde (pH 7.4). Brains were removed and stored in 10% formalin. Using a rabbit brain matrix, we cut 4 ϫ 2 mm sections corresponding to the middle of each CT image location. Sections were paraffin-processed and microtome-sectioned into 5-m-thick sections before being stained with hematoxylin-eosin (H&E).
Analysis of Basilar Artery Diameter
Nonenhanced images were subtracted from enhanced images to create a set of digitally subtracted CTA images. Five cross-sections were chosen from each of the proximal, middle, and distal segments of the basilar artery. Using software developed in our lab (IDL v5.6; Research Systems, Boulder, Colo), we obtained a vertical (anteroposterior) and horizontal (right-left) profile (CT number versus pixel location) from each section in each segment. Full width at half maximum measurements of the horizontal and vertical profiles from the 5 sections at each segment were averaged to obtain a single measurement of basilar artery diameter for each of the proximal, middle, and distal arterial segments.
We defined the maximum severity of acute vasospasm (VSPacute) as the greatest degree of narrowing within 30 minutes of SAH. The maximum severity of delayed vasospasm (VSPdelayed) was defined as the greatest degree of narrowing measured in the basilar artery within 7 days of SAH. 15 Delayed and acute vasospasm severity were calculated as:
where BA base ϭ baseline diameter of the basilar artery and BA measured ϭ the diameter of the basilar artery measured at a specific time. Acute and delayed vasospasm severities were considered separately. For consistency, the segment (proximal, middle, or distal) with the most severe delayed vasospasm provided the measurements at all other time points within each animal.
Analysis of CBF, CBV, and MTT
CBF and CBV functional maps were calculated by using CT Perfusion 3 software (GE Healthcare). Arterial concentration curves were obtained from a 2 ϫ 2 pixel region of interest (ROI) in the internal carotid artery in the section that showed the earliest arrival of contrast. To correct for partial volume averaging, we placed a 2 ϫ 2 pixel ROI in either the superior saggital sinus or the internal carotid artery on the section that showed the greatest area under the curve. Using software developed in our laboratory (IDL v5.6; Research Systems), ROIs were hand-drawn around brain regions (brain stem, cerebellum, deep gray matter, parieto-occipital cerebrum) on CBV and CBF maps. Thresholds were applied to limit the effects of large blood vessels on the tissue measurements (CBV Ͼ 8.0 mL/100 g; CBF Ͼ 250 mL/100 g per minute). 16 MTTs were determined from the following calculation:
where CBV ϭ cerebral blood volume (mL/100 g) and CBF ϭ cerebral blood flow (mL/100 g per minute).
Statistical Analysis
SPSS Version 12.0 (SPSS, Chicago, Ill) was used for analysis. To assess mortality, we entered CBF, CBV, and MTT measured 45 minutes after SAH and VSPacute into a logistic regression model. Multiple linear regression analysis was used to identify which CT perfusion parameters (CBF, CBV, or MTT) were significantly correlated to basilar artery diameter. Animals were divided into 2 groups on the basis of the maximum severity of delayed vasospasm: mild vasospasm (Ͻ24% basilar artery narrowing) or moderate-severe vasospasm (Ն24% basilar artery narrowing). This designation was based on previous work that classified the severity of angiographic vasospasm within the basilar artery. 13, 17 Significant predictors (CBF, CBV, or MTT) of moderate-severe vasospasm were identified with logistic regression analysis. Within-and between-group differences were analyzed with (Bonferroni-corrected) repeated-measures analysis of variance. 15 Significant differences were declared at the level of P Ͻ .05.
Results
Mortality
Ten out of 25 animals (40%) died within 48 hours of SAH.
There was no mortality in the sham group. When VSPacute, CBF, CBV, and MTT measured 45 minutes after SAH were entered into the logistic regression model, MTT was identified as the only significant predictor of mortality (P Ͻ .05).
Neurologic Assessments
Neurologic scores were significantly different between the moderate-severe VSPdelayed, mild VSPdelayed, and sham groups (P Ͻ .05; Fig 1) . Deficits were greater in animals with moderate-severe VSPdelayed compared with animals with mild VSPdelayed on days 7 and 9 after SAH (P Ͻ .01). Compared with the sham group, deficits in the mild VSPdelayed group were greater, but this difference was not significant (P Ͼ .05); deficits in animals with moderate-severe VSPdelayed were significantly greater than those in sham animals on days 4, 9, and 16 (P Ͻ .01).
Histology
Eosinophilic neurons and an acute inflammatory infiltrate indicated areas of damage on H&E staining at 24 hours in the medulla region of the brain stem. Astrocytes and scattered macrophages were evident at 16 days after SAH (Fig 2) . There was no evidence of damage at 24 hours or 16 days following the sham procedure.
CT Angiography
Eight of the 15 animals that survived the SAH procedure had moderate-severe VSPdelayed, whereas 7 animals demonstrated mild VSPdelayed (Table) . VSPdelayed in the moderatesevere group (37.5 Ϯ 13.1%) was significantly greater than VSPdelayed in the mild group (16.1 Ϯ 1.5%) (P Ͻ .05). The time course of delayed basilar artery narrowing was similar in the mild vasospasm group and the moderate-severe vasospasm group (P Ͼ .05; Fig 3) . In all animals with SAH, there was also a significant decrease in basilar artery diameter both at 10 minutes and at 30 minutes after SAH (P Ͻ .01, data not shown). In the sham group, basilar artery diameter did not change significantly from baseline either acutely or on any postprocedural day (P Ͼ .01).
CT Perfusion
Baseline CBF, CBV, or MTT was not significantly different between the sham, mild, and moderate-severe VSPdelayed groups (P Ͼ .05). In all regions, there was a significant decrease in CBF and increase in MTT 45 minutes after SAH (P Ͻ .05). CBV decreased slightly in all regions; however, this difference was not significant (P Ͼ .05). In the sham group, CBF, CBV, and MTT 45 minutes after the sham procedure were not significantly different from baseline measurements (P Ͼ .05).
Between days 2 and 16 after SAH, animals with moderatesevere VSPdelayed had significantly greater MTT than both animals with mild vasospasm and sham animals in all 4 regions (P Ͻ .05, Figs 4 and 5). There was no significant difference between MTT in animals with mild VSPdelayed compared with sham animals (P Ͼ .05).
CBF was lower in animals with moderate-severe VSPdelayed than in animals with mild VSPdelayed on every day of data collection after SAH; overall, this difference was not significant (P Ͼ .05). CBV did not differ between groups throughout the delayed phase of SAH (P Ͼ .05).
Correlation of CTA with CT perfusion
Increased MTT in the brain stem and cerebellum was significantly correlated to reduced basilar artery diameter (P Ͻ .05, Fig 6) . In the parieto-occipital cerebrum, both reduced CBF and increased MTT were significantly correlated to reduced basilar artery diameter (P Ͻ .05).
Prediction of Delayed Vasospasm
Neuronal damage was confined to the brain stem, and in most cases, delayed vasospasm occurred 4 or more days after SAH. Therefore MTT, CBF, and CBV at day 2 in the brain stem were entered into a logistic regression model. MTT was the only significant predictor of delayed moderate-severe vasospasm with a threshold of 2.5 seconds (P Ͻ .05). Of the 8 cases with moderate-severe vasospasm, 7 were identified correctly when MTT was Ͼ2.5 seconds (sensitivity ϭ 88%); in the 7 cases of mild or no vasospasm, 5 were identified correctly when MTT was Ͻ2.5 seconds (specificity ϭ 71%). The accuracy was 80%.
Discussion
The experimental rabbit model used in this study shares several similarities with clinical SAH. First, the time course of vasospasm is close to that of the clinical condition (Table, Fig 3) . 18 Our data agree with that of Nabavi et al, 13 who showed that the time course of CBF changes after SAH is similar in patients with moderate and severe vasospasm. Second, the mortality rate due to the acute effects of SAH in this study was 40%, which is similar to human mortality after SAH in the posterior circulation. 19, 20 Third, approximately 50% of animals developed moderate-severe delayed vasospasm, which is comparable with the proportion of patients with SAH that develop delayed vasospasm. 21 Finally, rabbits in this study exhibited neurologic symptoms that worsened with the severity of vasospasm, similar to the clinical situation in which neurologic scores worsen with greater severity of vasospasm. 22 We showed that MTT elevation 1 hour after SAH was a significant predictor of early mortality (within 48 hours). High MTT could reflect raised intracranial pressure (ICP), leading to reduced cerebral perfusion pressure (CPP) and prolonged cerebral circulation (increased MTT). 23 After experimental SAH, there are important transient changes in both intracranial pressure and local arterial pressure. Acute increases in ICP have been observed in conjunction with reductions in CPP for up to 1 hour following experimental SAH. 24 This increase in ICP and corresponding reduction in CPP would be expected to result in a global increase in MTT. In addition to acute increases in ICP, acute vasospasm has been observed as a transient reduction in arterial diameter, followed by a return to normal arterial diameter within 1 hour after experimental SAH. This acute transient vasospasm is distinct from delayed vasospasm seen several days after SAH. 25 The expected effect of acute vasospasm is increased MTT in the territory supplied by the arteries with acute vasospasm. Thus, acute increases in MTT following SAH may reflect increased ICP or reduced local arterial pressure caused by acute vasospasm.
Acute and delayed vasospasm results
Vasospasm Group
Day of VSPdelayed
Severity of
In the context of our study, we hypothesize that a transient increase in ICP following SAH induction, together with acute vasospasm, resulted in a reduction in CPP, which we measured as an acute increase in MTT. Subsequently, increased MTT was identified as a predictor of early mortality after SAH. Although we did not measure ICP in this study, we have previously observed acute increases in ICP up to the level of MAP in the same model of SAH (data not shown). The fact that acute increases in MTT independently predicted early mortality suggests that it is more sensitive to acute injury than CBF, CBV, or arterial narrowing in the very acute stage. Future investigations of the interaction between ICP, acute vasospasm, and perfusion pressure could test the validity of this concept.
MTT was the only CT perfusion parameter that significantly correlated with basilar artery diameter at equivalent time points. These findings are in agreement with clinical studies that have demonstrated the ability of CT perfusion to detect delayed vasospasm after SAH. 10, 26, 27 Wintermark et al 10 showed that MTT was the perfusion parameter that best iden- Basilar artery diameter (mean Ϯ SD) before SAH (baseline) and after SAH for animals with mild and moderatesevere VSPdelayed. In the mild VSPdelayed group, arterial diameter was significantly less than baseline on days 2 and 4 (number sign, P Ͻ .01 compared with baseline). In the moderate-severe VSPdelayed group, arterial diameter was significantly less than baseline 2, 4, and 7 days after SAH (asterisk, P Ͻ .01 compared with baseline).
Fig 4.
CT perfusion measurements of MTT in the brain stem, cerebellum, parieto-occipital cerebrum, and deep gray matter. In the moderate-severe VSPdelayed group, MTT was significantly greater than both the mild VSPdelayed and sham groups (asterisk, P Ͻ .01 compared with sham; double asterisks, P Ͻ .01 compared with both mild and sham).
tified angiographic vasospasm when using CT perfusion and CTA to screen patients for delayed vasospasm. In a recent study, regions of increased MTT were used to correctly identify 15/15 patients with severe vasospasm (determined by follow-up angiography), even when changes in CBV and CBF were minimal. 26 Increased MTT in the presence of more severe vasospasm may reflect regions of abnormal autoregulation in the presence of angiographic large-vessel vasospasm or in the presence of elevated ICP. 12, 28, 29 Prolonged MTT may also indicate cerebral infarction resulting from delayed vasospasm after SAH. 27 Regions of increased MTT are correlated with delayed vasospasm, suggesting that MTT is a potentially useful diagnostic marker of delayed vasospasm. We expanded on these results by investigating the temporal relationship of MTT subsequent to SAH. Our results show that MTT can predict moderate-severe delayed vasospasm with a sensitivity of 88%. Thus, identifying regions of increased MTT before the development of maximum delayed vasospasm may help identify patients at risk of severe vasospasm and related cerebral ischemia. Other parameters commonly used to predict vasospasm include Fisher grade (based on the location and volume of subarachnoid blood seen on the CT scan) and neurologic condition. 9 The Fisher grade was initially shown to predict severe delayed vasospasm with a sensitivity of 92%. 22 Recently, the utility of this method has been questioned because of its subjective nature and poor ability to predict vasospasm in the presence of current treatments. 17, 30 In addition, deteriorating neurologic status occurs as a consequence of delayed vasospasm; therefore, it has limited value for predicting the onset of delayed vasospasm. 31 The inability of these parameters to predict the occurrence of vasospasm in patients with SAH suggests that other factors may play a role. 19, 32 Our finding that MTT on day 2 predicted occurrence of moderate-to-severe vasospasm on later days is notable. The precise reasons that MTT predicts severity of delayed vasospasm are not presently clear. In patients with SAH, MTT has been shown to increase after SAH, before the development of delayed vasospasm and ischemic deficits. 33 This increase may be related to the presence of inflammatory cytokines, which reach their peak concentration in the CSF before delayed vasospasm and have been linked to reduced CBF and endothelial dysfunction after SAH. [34] [35] [36] Previous work has suggested that an important component of the pathophysiology present in vasospasm involves small arteries. 37 We believe the relationship between MTT and delayed vasospasm likely involves contributions from both large-and smallvessel vasospasm.
Our finding that MTT remained elevated, even after arterial narrowing subsided, was surprising. We hypothesize that this might reflect ischemic damage caused by delayed vasospasm. 6 Our finding of astrocytes and macrophages in the brain stem at the time of histologic assessment supports this hypothesis. The prolonged duration of increased MTT may also indicate the involvement of small arteries and increased resistance to cerebral blood flow downstream from the large-artery vasospasm.
Further animal and human studies are needed to validate the ability of CT perfusion imaging to predict onset of vasospasm before the result is applied clinically. Nevertheless, we believe the result is encouraging; early knowledge of the severity of eventual vasospasm might allow time for medical or surgical interventions to improve neurologic outcomes.
There are limitations to our study. First, we did not measure ICP because of difficulties in obtaining serial measurements throughout the duration of the study in our rabbit model. Measurement of ICP might have provided a more complete description of the relationship between MTT, ICP, and vasospasm. In addition, all mortality occurred within the first 48 hours after SAH; thus, it was not possible to correlate later MTT changes as a predictor of death in our study.
Conclusion
CT perfusion-derived measurements of MTT can predict early mortality after experimental SAH. Furthermore, early MTT abnormalities predict the occurrence of delayed moderate-severe vasospasm. These results suggest that CT perfusion measurements of MTT may help identify patients who will develop clinically significant vasospasm.
